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Although more than twenty years have passed since the discovery of high temperature cuprate 
superconductivity, the identification of the superconducting order parameter is still under debate. 
Here, we show that the nodal gap component is the best candidate for the superconducting order 
parameter. It scales with the critical temperature T c over a wide doping range and displays a sig- 
nificant temperature dependence below T c in both the underdoped and the overdoped regimes of 
the phase diagram. In contrast, the antinodal gap component does not scale with T c in the under- 
doped side and appears to be controlled by the pseudogap amplitude. Our experiments establish 
the existence of two distinct gaps in the underdoped cuprates. 

PACS numbers: 74.25.Dw, 74.72.-h, , 78.30.-j 



In cuprate superconductors the critical temperature T c is strongly dependent on the carrier concentration (the 
doping level, p) and exhibits a domelike shape with two distinct regimes (overdoped and underdoped). It is now 
established that the superconducting gap has a dominant d-wave symmetry across the entire superconducting dome 
[l| . The superconducting gap reaches its maximum value along the antinodal directions and vanishes along the nodal 
directions corresponding respectively to the principal axes and the diagonal of the Brillouin zone. 

Recent experiments have revealed a strong dichotomy between the nodal and the antinodal components of the gap 
in the superconducting state @, H, EL ■ While the gap amplitude close to the nodes (Ajy) continuously tracks T c , the 
antinodal one (Aan) is no longer proportional to T c and its 2Aa2v/&b^~c ratio blows up in the underdoped regime. 
A compilation of the experimental data (electronic Raman scattering (ERS), angle resolved photoemission (ARPES), 
neutron, tunneling and heat conductivity) which reveals this dichotomy is reported elsewhere Q. 

These results raise the question of "one or two gaps " in the cuprates @, B@, In the two gaps scenario, a small 
gap (close to the nodes) is related to superconductivity whereas a larger one (at the antinodes), called the pseudogap, 
corresponds to a phenomenon distinct from superconductivity and may compete with it. 

A set of recent experiments [ll], 12 , [l3|, Q EH, EH suggests that the antinodal gap is indeed disconnected from 
superconductivity in the underdoped regime. The antinodal gap does not scale with T c , becomes very weakly temper- 
ature dependent and even slightly increases as the temperature reaches T c . These observations are in contradiction 
with what is expected for a BCS-like behavior as observed deep in the overdoped regime. 

Since the antinodal component fails (at least in the underdoped side) to reproduce the behaviour expected for 
a superconducting order parameter, many efforts have been recently devoted to probe the temperature dependence 
of the nodal component. This issue is the center of an intense debate as recent ARPES experiments have yielded 
contradictory results. One group argues that the superconducting gap is essentially temperature independent over 
the whole fc-space including the nodal region (l~7j while another group argues that the amplitude of the gap near the 
nodes shows a well-defined BCS temperature dependence [l2T |. 

A clear identification of the temperature dependence of the superconducting gap is therefore of paramount im- 
portance. The superconducting nodal component is a priori a good candidate to feel superconductivity because 
its amplitude scales with T c throughout the entire superconducting dome as demonstrated by Raman scattering 
experiments on a wide range of cuprates 11 , 18|, 1|| . 

Probing the nodal gap structure as a function of temperature is challenging precisely because close to the nodes the 
gap amplitude vanishes. Moreover, the nodal gap structure is expected to be very sensitive to any thermal excitations 
and/or disorder inducing pair breaking which makes difficult the extraction of the bare gap function. 

In spite of such experimental difficulties, we bring here the first Raman experimental evidences that the nodal gap 
amplitude is temperature dependent in the overdoped and the underdoped regimes. In both regimes the nodal gap 
energy decreases as the temperature is raised and disappears at T c . In sharp contrast, the antinodal gap component 
exhibits a distinct temperature dependence as a function of the doping level. It is not detected at low doping level. 
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It is non temperature dependent (or weakly increases as the temperature is raised) below the optimal doping while 
in the overdoped regime it shows strong temperature dependence consistent with a conventional BCS behavior. 

Our results favor a scenario in which the nodal gap component remains continuously connected to superconductivity 
as the doping changes while the antinodal component is only related to superconductivity in the overdoped regime. 
They im ply the existence of two gaps in the superconducting state of underdoped cuprates in agreement with recent 
ARPES HI, Ell and tunneling measurements [tSUIl- 

We have probed the nodal and antinodal components of the gap by performing an ERS study on HgBa 2 Cu04+$ 
(Hg-1201) single crystals as a function of both temperature and doping level (from p = 0.25 to 0.09). Hg-1201 has 
one single Cu02 layer by unit cell and its doping level is controled by insertion of oxygen atoms in HgO layer. The 
ERS experiments have been carried out using a triple grating spectrometer (JY-T64000) equipped with a nitrogen 
cooled CCD detector. The nodal (B 2g ) and antinodal (Bi g ) regions have been explored by using cross polarizations 
along the Cu-0 bond directions and at 45° from them respectively (2^]. The red (1.9 eV) excitation line was used to 
probe both the nodal and antinodal components of the gap. The reason is that we have experimentally found that 
the ERS nodal gap peaks are sharper when using the 1.9 eV line compared to higher energy lines. This is possibly 
due to a sharper (B 2g ) Raman vertex function near the nodes. All the Raman spectra presented here were corrected 
for the spectrometer response, the Bose factor and the optical constants and thus show the imaginary part of the 
Raman response function x"(w). 

In Fig. 1, are displayed the nodal (B 2g ) and antinodal (Bi g ) Raman response functions in the superconducting 
state substracted from the Raman responses just above T c , Xs( w ) ~ Xn( w ) f° r two different doping levels p = 0.11 
[(a) and (b)] , and 0.20 [(c) and (d)] corresponding respectively to T c = 75 K (underdoped) and 85 K (overdoped). 
The insets show the unsubstracted superconducting and normal response functions: x'si 10 ) and x'n^)- 

In the overdoped case (p = 0.20), Fig. 1(a) and 1(b), strong temperature dependences of the nodal and antinodal 
superconducting structures are observed. The B 2g spectrum exhibits a peak close to 375 cm" 1 at T = 10 K which 
softens in energy and decreases in intensity as the temperature raises before disappearing at T c . Simultaneously, 
the low energy continuum (the negative part of the spectrum) fills in agreement with the transfer of spectral weight 



usually detected in the Raman spectra of high T c cuprates [111 . |23| . The description is quite similar for the antinodal 



Raman response except that the antinodal gap is higher in energy (405 cm -1 ) than the nodal one as expected for a 
d-wave gap. We detect a similar energy softening between 10 K and 70 K of about 25 ± 5 cm -1 for both the nodal 
and antinodal components. 

In the the underdoped case (p = 0.11), Fig. 1(c) and 1(d), the most salient feature is that the nodal and antinodal 
Raman responses become drastically distinct. The nodal component is temperature dependent and shows an energy 
softening of about 25 ± 5 cm" 1 similar to the one in the overdoped regime. In contrast the antinodal response is flat 
with no trace of electronic superconductin g co mponent. The antinodal Raman responses do not show any difference 
up to 1000 cm -1 (see inset of Fig. 1(d)) 24 1. This confirms our previous results 0, HBJ which revealed that the 



antinodal Raman response is reduced before disappearing completely below p = 0.12. 

The temperature dependence of the nodal component for several doping levels (two underdoped p — 0.10 and 
p = 0.11 and one overdoped p = 0.20) is reported in Fig. 2. The temperature dependence of the antinodal component 
at p = 0.13 is also shown for comparison. We observe that even at relatively low doping level (p = 0.10) the 
nodal component is temperature dependent with an energy softening of about 20 ± 5 cm~ 1 whereas the antinodal 
gap component at p = 0.13 displays a slight upward shift as T c is approached. However we can notice that the 
temperature dependence of the nodal component for the three doping levels does not follow the evolution expected for 
a d— wave BCS gap [26[ (see Fig. 2). One of the main reason is that contrary to ARPES which probes quasi-particles 
in a single direction of momentum space, ERS spectroscopy probes a small but finite region around the nodes whose 
extension is essentially controlled by the shape of the B 2g Raman vertex function. We therefore expect (especially 
for underdoped or slightly overdoped measurements) the pscudogap which develops at the antinodes to contaminate 
the temperature dependence of the B 2g Raman response function around the nodes. An estimation of the pscudogap 
component deduced from the temperature evolution of the antinodal component as a function of doping level will be 
adressed just below. It will appear that the pseudogap component (measured close to T = T c ) is still sizeable in the 
sligtly overdoped side and only disappears in the strongly overdoped regime. Other causes could also be invoked such 
as disorder which induces pair breaking and produces a thermally activated low energy quasi-particle peak. Such a 
peak is expected to broaden with temperature and can mask the temperature dependendence of the nodal component 
just below T c . 

In order to quantify the pseudogap component as a function of the doping level, we have re-analysed our recent 
data [ll[ (see insert of Fig. 3) using a very simple model proposed by Loram et al. 0- We have postulated that 
the antinodal component A^jv has two contributions: the bare superconducting gap Ag which dominates in the 
overdoped side and the pseudogap Apo which is prominent in the underdoped side. This leads to the following 
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expression for the amplitude of the antinodal gap component: Aan(T) = \J (As(T)) 2 + (Apc(T)) 2 where Ag(T) is 
considered as a BCS gap and therefore vanishes at T c . 

From this equation it appears that only the Apo term subsists at T c . By extrapolating the location of the Raman 
antinodal peak at T c from the temperature dependence of the antinodal Raman response as a function of doping level 
(shown in the inset of Fig. 3), we can estimate Apc(T = T c ) over a wide doping range. The pseudogap component 
normalized to T c (full triangles) is plotted in Fig. 3. Below p ss 0.12, the pseudogap energy is hard to evaluate 
due to the weakness of antinodal Raman response intensity (see Fig . 1(d)) which is a consequence of the antinodal 
quasiparticle destruction induced by the pseudogap phase [2, 25|, 27, HI]. The doping dependences of the nodal (full 
circles) and antinodal (full squares) gap components normalized to T c are also reported. They have been respectively 
deduced from the Bi g and B\ g Raman spectra measured at T = 10K. 

At first glance Fig. 3, reveals that the superconducting nodal component follows T c for all the doping levels with 
2An /kpTc ~ 6.4 (Fig. 3). This contrasts with the antinodal superconducting component whose ratio departs from the 
nodal one and blows up close to optimal doping. The A an — An splitting occurs when the pseudogap ratio measured 
at T c crosses the nodal one. ERS data do not allows us to directly probe the pseudogap ratio at low temperature 
(T <C T c ). However we can infer from the Aan — An splitting that the pseudogap at T = 10 K becomes significant 
below the optimal doping level. The pseudogap increases in magnitude and controls the antinodal component below 
p « 0.16. In this regime the antinodal component is then progressively disconnected from superconductivity while 
the nodal one exhibits the same behavior throughout the superconducting dome. 

In this picture the departure of the nodal component temperature dependence (shown in Fig. 2) from a BCS-like 
temperature dependence can be explained by a contribution of the pseudogap amplitude which would increase as 
the temperature is raised up to T c . This last effect is suggested by the experimental data in the inset of Fig. 3 and 
recent ARPES data [l2j which reveal an increasing of the antinodal component as the temperature is raised in the 
undcrdoped regime. 

In conclusion our experimental findings establish the nodal component as a good candidate for the superconducting 
order parameter over a wide range of doping. The amplitude of the nodal gap shows a significant softening upon 
increasing temperature and scales with T c throughout the superconducting dome. By contrast the antinodal compo- 
nent of the gap is disconnected from superconductivity in the underdoped regime where it is largely controlled by the 
pseudogap amplitude. The physical origin of the pseudogap Apa remains an important issue that we have to tackle 
in order to understand the mysterious evolution of the antinodal component as a function of doping level. 
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FIG. 1: (color online) Nodal (-B29) and antinodal (-Big) Raman response functions substracted from the one just above 

T c as a function of temperature (up to T c ) for two doping levels: p = 0.20 [(a) and (b)] and 0.11 [(c) and (d)]. The insets in 
pannels (a) , (c) and (d) show the superconducting and normal Raman responses separetly. All the Raman responses have been 
obtained with the red (1.9eV) excitation line. The doping value p is inferred from T c using equation of Presland et al from Ref. 
[29l | : 1 — Tc/95.5 = 82.6 (p — 0.16) 2 . The dashed lines are guides for the eyes and track the locations of the superconducting 
peak maxima (in bold line). 
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FIG. 2: (color online) Temperature dependences of the nodal superconducting component for several doping levels. An has 
been normalized to its value at T = 1GK. Ajv values have been determined from the locations of the peaks in the B2a Raman 
spectra of Hg-1201. The dashed line corresponds to the temperature dependence of a BCS d-wave gap from Ref. [26J. For 
comparison the temperature dependence of the antinodal gap component for p = 0.13 is also shown. 
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FIG. 3: (color online) Doping dependence of the 2A N (T = 10 K)/k B T c and 2Aajv(T = WK)/k B T c ratios deduced from 
the locations of the nodal and antinodal gap components in the Raman spectra. The 2Apg /isT c ratio is obtained from the 
extrapolation of the antinodal gap component at T c as shown in the inset where the temperature evolution of the normalized 
A A n (T) is depicted ^ 



